To protect the environment from increasing scrapped materials, drastic changes in the processes for materials production are required. Material recycling must be considered in the production system to greatly help much in saving both energy and resources in the massive initial mining, processing, transportation, and smelting operations. One major concern regarding the recycling process is the inclusion of impurity elements, which are called tramp elements in the steel-making industry. These tramp elements are generally difficult to remove in the refining process, and degrade the quality of the produced steels. Arsenic is a tramp element because it is possibly included in the recycling process of steel material, and degrades the mechanical property of commercial steels. Therefore, a rapid determination of As is needed so that quality control can be strictly performed for utilizing recycled materials.
Introduction
To protect the environment from increasing scrapped materials, drastic changes in the processes for materials production are required. Material recycling must be considered in the production system to greatly help much in saving both energy and resources in the massive initial mining, processing, transportation, and smelting operations. One major concern regarding the recycling process is the inclusion of impurity elements, which are called tramp elements in the steel-making industry. These tramp elements are generally difficult to remove in the refining process, and degrade the quality of the produced steels. Arsenic is a tramp element because it is possibly included in the recycling process of steel material, and degrades the mechanical property of commercial steels. Therefore, a rapid determination of As is needed so that quality control can be strictly performed for utilizing recycled materials.
Glow discharge optical emission spectrometry (GD-OES) is an analytical method for the direct analysis of solid samples, and a powerful tool for the quality control of various manufactured materials. [1] [2] [3] Because the content of the tramp elements is generally small (several 100 ppm down to 1 ppm), the detection sensitivity of GD-OES should be improved for analytical applications to tramp elements. In this study, GD-OES with an Ar-He mixed gas plasma was applied to the determination of As in steel samples to better the detection limit by enhancing the intensity of the As emission lines as well as by decreasing the background intensity. In GD-OES, Ar is commonly employed as the plasma gas due to the low runningcost as well as good performance as an emission source. However, changing the plasma gas could be a possible option to improve the detection sensitivity. Helium has a higher ionization potential (24.48 eV) 4 compared to argon (15.76 eV), 4 thus leading to a lower density of charged particles in the plasma. It also has a lower sputtering yield. 5, 6 Thus, helium would not be a suitable plasma gas for GD-OES because the sputtering rate would be too low. However, argon-helium mixed gas plasmas are interesting. . Atoms in such metastable levels have relatively long lifetimes, especially at low pressures, and thus can cause excitation of the sample atoms through various collisions. In addition, in an Ar-He mixed gas plasma, the He metastables could principally contribute to the excitations of species having larger excitation energies. 7, 11 Since it is considered that the helium metastables have larger internal energies, sample atoms requiring higher excitation energies may be more readily excited by He than by Ar, thus leading to an intensity increase in the emission lines. A few studies on an analytical application using Ar-He mixed gases were presented. The determination of C has been reported, indicating that the detection sensitivity obtained with Ar-He mixed gas plasma was three-times improved compared with Ar alone. 11 Like carbon, the emission transitions of As require a relatively large excitation energy, which means that collisions with He species having large internal energy might be effective for the excitation of As. It is therefore expected that the use of Ar-He mixed gases can contribute to a more sensitive detection of As in GD-OES.
Experimental
The structure of the glow discharge lamp, 12 the spectrometer, 13 the power supply device, 13 and the procedure for gas mixing 10 have been described elsewhere. The lamp was made according to the original model by Grimm. 14 The inner diameter of the hollow anode was 8.0 mm and the gap between the electrodes was adjusted to be ca. 0.3 mm. High-purity argon (99.9995%) and helium (99.9999%) were used as the plasma gas. Standard reference materials of Fe-based low alloys (NBS-1160 Series and NIST 1765) containing 0.001, 0.018, 0.046, 0.10, and 0.14 mass% As were employed for measuring the emission characteristics as well as the calibration curves.
Results and Discussion
There are some As I lines assigned to the 5s-4p transition in the In glow discharge optical emission spectrometry, an argon-helium mixed gas plasma was investigated to improve the detection sensitivity of arsenic in steel samples. The emission line of arsenic was enhanced and the background intensity was simultaneously reduced when an Ar-He plasma was employed instead of an Ar plasma, which is effective for the sensitive determination of arsenic. The detection limits were calculated to be 0.009 mass% for a 700-V Ar plasma, 0.004 mass% for a 700-V Ar-He plasma, and 0.001 mass% for a 900-V Ar-He plasma. 15 and As I 197.199 nm (5p 4 P1/2, 6.285 eV) 15 were observed to be more intense on our spectrometer. They have a similar intensity and suffer from little spectral interference from Fe and other alloyed elements in steels, such as Ni, Cr, Mn, and Si. In this study, the As I 193.696-nm line was employed as the analytical line. Figure 1 shows the variations in the emission intensities of the As I 193.696-nm and Fe I 368.305-nm lines as a function of the He partial pressure added. In this case, the pressure of Ar and the discharge voltage were both fixed. Two individual measurements were made for each condition. The emission intensity of the Fe I line monotonically decreases with the He pressure added, whereas that of the As I line gradually becomes larger, and then reaches a maximum at a He pressure of 400 Pa. Figure 2 shows the change in the sputtering rate of pure Fe, which is determined by the weight loss before and after the experiment, as a function of the He partial pressure added. It clearly indicates a decrease in the sampling amount with increasing the He pressure. Previous studies reported on a reduction in the sputtering rate caused by He addition to an Ar glow discharge plasma. 16, 17 The intensity change of the Fe I line seems to correspond to the variation in the sputtering rate, because the intensity of the Fe I line having a smaller excitation energy (3.43 eV) 4 can be varied principally by the sample atom density in the plasma. However, the intensity of the As I line having a larger excitation energy becomes elevated up to a He pressure of 400 Pa even if the number of sample atoms ejected into the plasma is reduced. This effect is due to any additional excitations by the He species.
It was observed that the background intensity for the As I line was drastically reduced by the addition of He to the Ar plasma. This effect was also reported in previous papers. 8, 11 The introduction of He to the Ar plasma reduces the emission intensities of the Ar ionic lines and the continuum background. The reason for this is that the corresponding excited states (4f electron configuration) of Ar ion are de-populated as the result of collisions between excited Ar ions and He atoms, 7 and thus the charged particles in the plasma decrease. In fact, it was observed that the discharge current was reduced from 44 to 36 mA at He pressures of 0 to 670 Pa. Such collisions can also produce the He metastables probably contributing to the excitation of As. Figure 3 shows the change in the signal-tobackground ratio (SBR) of the As I 193.696-nm line along with the He partial pressure. The SBR also increases with the He pressure, and is improved by a factor of 3, which is caused by the increased intensity of the As I line as well as by decreases in the background level. Hence, the He addition could lead to a favorable change of the glow discharge plasma suitable for the determination of As. These effects could contribute to an improvement of the detection sensitivity of the As I 193.696-nm line. Figure 4 shows a comparison of the sputtering rate in an Ar plasma operated at 700 V, with that in Ar-He mixed gas plasmas at 700 V, 800 V, and 900 V. It is found from Fig. 4 that the sputtering amount of the 700-V Ar plasma roughly corresponds to that of the 900-V Ar-He plasma. It is therefore meaningful to compare the analytical performance between these discharge conditions. The SBR for the Ar-He plasma at 900 V was 4.4-times improved compared to that for the Ar plasma at 700 V. In the Ar plasma, discharge voltages of up to 800 V were employed because the higher voltages worsen the stability of the emission intensities. It should be noted that stable discharges can be maintained at higher voltages in an Ar-He mixed gas plasma compared to in a pure Ar plasma. This is probably because the sputtering rate as well as the discharge current is reduced by adding He to the Ar glow discharge plasmas. 16 In the mixed gas plasma, the SBR is greatly improved along with increasing the discharge voltage. At higher discharge voltages, the plasma with an Ar-He mixed gas could give a better analytical performance in the As determination. Figure 5 shows calibration curves for the emission intensity of the As I 193.696 nm line when using a 700-V Ar plasma and 700-V or 900-V Ar-He mixed gas plasmas. All of the curves give a linear relationship, and the sensitivity for the As determination is improved in Ar-He mixed gas plasmas. The detection limit, which was based on three-times the standard deviation of the background fluctuation, was calculated to be 0.009 mass% for the 700-V Ar plasma, 0.004 mass% for the 700-V Ar-He plasma, and 0.001 mass% for the 900-V Ar-He plasma.
